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ABSTRACT

We present the first model calculations of impact-induced blow-off of an impact-
generated atmosphere during accretion of the terestrial planets. Volatile bearing minerals
contained in the accreting planetesimals will be degassed upon impact on the growing
planet, provided shock pressures in the planetesimal exceed the critical shock pressures re-
quired for devolatization. The released gases will give rise to a growing proto-atmosphere
on the accreting planet. Also contributing to proto-atmosphere loss are solid-gas reactions
with surface material (e.g. re-hydration with anhydrous minerals; reactions between water
vapor and metallic iron). However while gas is reacting with hot, possibly molten sur-
face material, the evolving atmosphere is being subject to continuous impacts of infalling
planetesimals. This study is focussed on this process. The interaction of bolides with
the exponential atmosphere is treated according to a formalism developed for blast waves
(Bach et al, 1975; Ahrens and O'Keefe, 1987). We calculate the mass of atmospheric
gas accelerated to velocities in excess of the escape velocity of the body and consequently
lost to space. Accretion rates, specified according to a Safronov-accretion model yield the
ﬁumber of planetesimals for a given planetesimal size and thus the accumulative effect of
the atmospheric blow-off. The major parameters determining whether or not the evolving
atmosphere can be retained on the planet are (i) the scale height of the atmosphere (ii) The
atmospheric density at the surface of the planet and (iii) the accretion rate as a function

of planetary and planetesimal radius.

We find atmospheric impact, as a process, affects the final mass of a primary atmo-
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sphere. Moreover for a given atmosphere structure, planetesimals and water content an
optimum impactor (planetesimal) size exists, for which impact-induced blow-off efficiency
becomes greatest. This optimum radius r;l, is approximately 100, 130, and 160 km for
Earth, Venus and Mars, respectively. The calculations are based on the assumption that
planetesimals contain 1.0% HpO (by mass) and these planets atmospheric surface tem-
perature is fixed at 800° K by the solidus of an HyO-rich magma. For these conditions,
while the final amount of atmospheric inventory exceeds the total amount of atmospheric
loss-.due to cratering for the Earth and Venus, on Mars the impact-induced blow-off rates
exceed the present atmospheric inventory. This is reflected in the ratio, M:l’ between final
mass of a water atmosphere and total mass of dissipated gases for models with planetesimal
radii equal to r;l. M:l is equal to 1.4, 1.3 and 0.75 for Venus, Earth and Mars respectively.
Changing model parameters will not lead to M:l < 1 for Earth and Venus. Thus, despite
atmospheric cratering, an impact-induced primary atmosphere remains a realistic option

for Venus and Earth but is less likely for Mars.




1. INTRODUCTION

Previously we have demonstrated that volatile bearing minerals in planetesimals will
lose volatiles (HqO, CO3) upon impact on a growing planet (Lange and Ahrens, 1982a;
1982b). We have also shown that the loss of atmospheric HoO and CO9 by water reaction
with anhydrous surface minerals as suggested by Jakosky and Ahrens, (1979) will be
overwhelmed by impact-induced degassing towards the end of the accretion period (Lange
and Ahrens, 1982a). Moreover, Abe and Matsui (1984, 1986) have demonstrated that
the release of large quantities of water during the impact-degassing phase of terrestrial
planet accretion leads to sufficiently high temperature, via‘thermal blanketing, such that
magma oceans are initially present on the surfaces of the terrestrial planets. Ringwood
(1979) has hypothesized that reactions between water and metallic iron will dominate the
atmospheric water budget and will essentially remove all available water, thus accounting
for the entire FeO-budget of the Earth. Lange and Ahrens (1984) have demonstrated that
a slightly inhomogeneous accretion model with most of the iron accretion taking place in

the first ~ 4/5 of the accretional period will suffice to allow accumulation of the terrestrial

~_water budget during the later parts of accretion.

Both approaches of the earlier work lead to the formation of a proto-
atmosphere/hydrosphere during the later steps of accretion. Such a (predominantly) steam
atmosphere however, will be subject to numerous impacts by the still infalling planetes-
imals as for example recently pointed out by Cameron, (1983). The interaction of the
accreting bolides with an evolving, exponential steam atmosphere is the subject of this
paper. As discussed in Ahrens et al, (1987) most of this interaction occurs after the bolide
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hits the solid planet. The major transfer of energy to the atmosphere is via the impact
ejecta as is summarized below. Due to the large difference in the mechanical impedances
of water vapor and silicate planetesimals, the continuum treatment of the interaction of
relevant processes is difficult. Ahrens and O’Keefe (1987) give a review of appropriate
procedures and earlier studies on this subject. One of their major conclusions is that en-
ergy transfer to the atmosphere can amount to some 30-40% of the bolide-energy. Even
though only ~ 8% of the impactor energy of high energy impactors (E > 1021y ) is di-
rectly partitioned into internal and kinetic energy of the atmosphere, a large fraction of
the kinetic energy of the ejecta as well as substantial fractions of target and projectile
internal energy is indirectly transferred to atmospheric gases by air drag, radiation and
conduction processes, respectively (Ahrens and O’Keefe, 1987). Thus, most of the energy
exchange takes place relatively close to the target surface. However, the exact nature of
the interaction depends on bolide energy and smaller, low energy impactors will lose most
of their energy on their way through the atmosl;here. Ahrens and O’Keefe [1987] conclude
from these findings that large energy impacts into an atmosphere can be approximated by
a formalism developed for blast waves in exponential atmospheres (Zel’dovich and Raizer,
- “1967). Bach et al., [1975] also investigated this problem and developed solutions for a num-
ber of non-dimensional similarity variables relevant to this problem. These solutions are
used by Ahrens and O’Keefe [1987] to obtain quantitative estimates on blow-off efficiencies
(i-e., the mass fraction of total atmospheric mass accelerated to velocities in excess of the

planetary escape velocity) for a terrestrial atmosphere but for varying escape velocities.




In this study, we will also utilize the Bach et al., [1975] findings in considering the pos-
sible dissipation of an early proto atmosphere by infalling planetesimals in the late stages
of accretion of the terrestrial planets (Venus, Earth and Mars). However, instead of using
atmospheric parameters relevant for the present terrestrial atmosphere, we will derive these
parameters for an evolving water vapor atmosphere. Since the efficiency of atmospheric
dissipation depends critically on atmosphere properties, complex feedbacks between the
formation of a proto-atmosphere and its subsequent possible loss by planetesimal impact
are éxpected. In addition, the Ahrens and O’Keefe [1987)] results imply that this process
might also be controlled by the size distribution of accreting bolides. They found that for
a given atmospheric structure there is an impactor energy for which blow-off efficiencies
approach a maximum value. Energies above this optimum value cause no significant in-
crease in atmosphere loss, while for smaller energies blow-off efficiencies decrease rapidly.
Thus, for a given accretion rate and a given planet size most of the planetesimal sizes lie
around a value giving rise to optimum energy levels for a then existing atmosphere, the
dissipation effect of infalling bolides will reach its maximum. If a different size distribution

prevails atmospheric loss via impact will be less efficient.

A major goal of the present study is the definition of boundary conditions, which
will lead to either atmospheric growth during accretion or to atmospheric dissipation as
a result of planetesimal infall. In the following, we will describe our numerical and model
techniques. We will present model results and will discuss implications for the formation

of impact-generated atmospheres on Venus, Earth and Mars.




2.0 NUMERICAL AND MODELLING TECHNIQUES

2.1 General

We model the formation of the planets and the growth of an impact-generated at-
mosphere in the framework of a Safronov-type accretion model. Once infall velocities of
planetesimals exceed critical velocities for incipient to complete loss of structural water in
water-bearing minerals, water vapor is added to an evolving proto atmosphere. At that
poinf we consider the effect of bolide-atmosphere interactions in subsequent time steps
of the model. We take the current mass of this atmosphere and its mean temperature
into account to derive the relevant parameters (surface pressure, surface density) for the
blow-off calculations. In our numerical modelling scheme, at the end of each iteration the

evolving mass budget of the atmosphere (i.e., impact-induced minus blow-off) is obtained

and is used as initial conditions for the following time step.

2.2 Accretion Model

The accretion rate, ri, assumed is that specified by (Safronov, 1972):

o= mri(l+ 20)ppu (1)

where r is the current radius of the solid proto-planet, § the Safronov-parameter, pp the
spatial density of planetesimals in the region of the growing planet and, u, the approach
velocity or the velocity relative to the orbiting velocity of the planetesimals. Equation (1)

can be transposed into:




4[M — m(t))

. 2
m = wr“(1+26
( )PKw(a%—a?

(2)

Thus M is the final mass of the planet, P it Keplerian period and ag and a; are the radii
of outer and inner edges of the feeding zone of planetesimals forming each planet (Safronov,

1972; Lange and Ahrens, 1986) (See Table I for the above values for the terrestrial planets).

Equation {2) is numerically solved and the time dependent mass, radius and fractional
mass f(t) = m(t)/M is obtained. The (constant) mean radius of planetesimals Tl

determines the number of planetesimals ny for each time step during accretion:

rin()
(4/3) 7375

(3)

npl (t) =
where Ppl is the mean density of infalling planetesimals (assumed for simplicity to be equal
to the final mean density of the planet).

For each iteration, the current surface gravitational acceleration g(t) and escape ve-

locity Ve(t) are computed:

_ om0
s(t) = G (4

Ve(t) = v29(t)r(t) (5)

where m(t) and r(t) are the mass and radius of the planet and G the gravitational constant.

Figure 1 gives f(t) as a function of time for Venus, Earth and Mars.
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2.3 Shock-induced Volatile Loss

Impacts of volatile bearing planetesimals upon volatile containing planetary proto-
crusts will cause degassing of both impactor and target provided, the shock pressures in
each medium exceed critical pressures needed for incipient (P;,) to complete (Pey) shock-
induced devolatilization (Lange and Ahrens 1982a). These critical pressures have been
experimentally determined for serpentine (Lange and Ahrens, 1982a,b), brucite (Lange and
Ahrens, 1984) and calcite (Lange and Ahrens, 1986). In the present study we consider only
dehydration of serpentine as the major source of atmospheric gases, for which P;,, = 12GPa

and Pey = 33GPa (Tyburczy et al., 1986).

Assuming that planetesimal composition is approximated in composition and shock

impedance by the impacted surface material, the peak initial shock pressure P is given by:

P = p,,(Ve/2) [Co + SVe/2] (6)

We further assume that the impact velocities can be approximated by the escape velocity
__of the planet. Cg(= 3750m/s) and s(= 1.6) are equation of state parameters for pyroxene-
bearing serpentinite as given by Marsh [1980]. Thus we effectively are using the equation
of state of serpentinite centered at the mean density of the planet and planetesimals. These

are all very simplistic assumptions.

We now consider only release of water from infalling planetesimals and neglect the
contribution from shocked partially hydrous surface materials. Our previous studies have
shown (Lange and Ahrens, 1982a,b, 1984) that redistribution and reactions of free atmo-
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spheric water with surface minerals and metallic iron are probably not significant for the
latter parts of the accretion process if the more iron-rich material accreted first. Thus we
consider the build-up of a primary water atmosphere and its possible impact erosion oc-
curring after the point where the planet has reached this point and f has achieved a value
exceeding fp,. We assume f, = 0.75 for most of our models based on our previous studies
(Lange and Ahrens, 1982a,b, 1984) but also consider values in the range 0 < f3, < 0.9.
The‘assumtion; Jyo > 0.75 implies that during the earlier parts of the accretion process
most. of the delivered and shock-released water will not reside in a proto atmosphere (cf.

Jakosky and Ahrens, 1979).

We assume the amount of shock-induced water release dy, for a given impact is ob-

tained by:
0 for P< Fy,
dmg = mpl Jw [(P - P'v) / (Pcv - P)] for P") < P < Py (7)
mpl fw for P > Pcv

where mpl is the planetesimal mass, 431"3 , and fy the mass fraction of structurally

bound water within the planetesimals. We assume fy) = 0.01 (Lange & Ahrens, 1984).

The mass of the water atmosphere at one particular time step without considering

atmospheric crater A’(t) is:

ML(t) = ML(t— At) + dmg (8)

where M., (t — At) is the atmospheric mass at the preceding time step. The time step At

we used was 108 years and a total accretion history of up to 108 years (Figure 1).
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2.4 Surface Conditions and Atmospheric Properties

The conditions of the surface of the growing planet (e.g. its temperature) and at-
mospheric surface pressure and atmospheric scale height are clasely coupled with and

dependent on the amount of atmospheric gases Mg present.

In order to determine surface temperatures, we used two different approaches. In
most of our models, surface temperatures were assumed to be constant and to equal a
lower estimate for the solidus temperature at Pg = PH,O(= 800K), where Pg is the
atmospheric surface pressure and PH,O is the partial pressure of water at the surface

(Abe and Matsui, 1984, Fricker and Reynolds, 1968).

As a second approach we assumed the evolving water atmosphere to be in radiative
equilibrium. Under these conditions, the surface temperature Tg can be estimated by

(Goody and Walker, 1972):

Tg = T.(OT + 1)1/4 (9)

here, Te is the black body equilibrium temperature at the top of the atmosphere for a
: planet heated by solar radiation alone {Table I) and OT is the optical thickness or optical

depth of the atmosphere, which is obtained by:

OT = xgPg/g (10)

where k() is the optical constant (= 0.001m?2 /kg), g the gravitational acceleration (equation
(4)) and Pg the surface pressure, which is:
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Pg = Mag/Ap (11)

where Ap = 47rr% is the current surface area of the accreting planet and the Mg the

present mass of atmospheric gases (see below).

The atmospheric scale height A is:

A = Tg-R/(gm) (12)

where R is the gas constant and / is the mean molecular weight of the atmosphere (18

for water).

The surface density pg of the atmosphere is:

ps = Pgm/[(RTg) (13)

2.5 Atmospheric Cratering

We apply the formalism of Bach et al. (1975) for explosive-induced blast waves in
exponential atmospheres in order to approximate the effect of the interaction of the impact
ejecta with the atmosphere. We assume this acts like an explosion at the solid planet -
atmosphere interface. We use dimensionless variables, which specify in spatial coordinates,
radius, r and angle, 8, from the vertical in an axisymmetric spherical coordinate system,
the pressure and particle velocities at the shock front of the expanding blast wave as a
function of time (see Ahrens & O’Keefe, 1987, fig. 22).
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We assume a polytropic constant (= 1.4) and use the particle velocity, u, normalized
by the shock velocity w to define f = u/w. The non-dimensional source density g = p¢ / ps
is given as a function of the normalized radius coordinate z = r/Rg. Here p¢ is the density

at the source. We assumed a normalized characteristic dimension

¢=Rg/A (14)

Here, Rg is the radius to the shock front of the expanding blast envelope. The solution of
Bach et al (1975) we employ is derived from the solution of the non-dimensional, expanded
form of the conservation equations for the Eulerian space profiles of a point-symmetrical
blast wave by means of a perturbation technique. Here w, the perturbation parameter,
is defined as w = —d €npq/(d €nr) and the density pq of the undisturbed atmosphere is

given by:

-R 6
pa = peexp (L0 (13)

and also w = £cosf. Using these definitions, we can specify the dimensional values of u
and p, for any value of z, given the initial values of particle velocity uy and density p¢ at
the source of the explosion. For a strong shock in polytropic gas, the shock velocity w and

particle velocity are simply related by

un = 2w/ (v + 1) (16)
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w=4a4/[3/? exp (wh/2 +wPhp/a + wiA3/6 )] (17)

Here, A is a constant, related to the energy of the explosion, Eo, and the atmospheric

scale height.

A = [Eof (4 8%, 1))/ 18)

This constant, couples non-dimensional time # with real time t:

t=tA (19)

We assume that Ej, the energy of the explosion, equals the energy of the planetesimal
which was partitioned into the atmosphere, and A;,22,A3,Jo are constants derived by

Bach et al. (1975) for v = 1.4.

Thus, specification of Eo (we assume ~ 1/3 of impactor energy is partitioned into

atmosphere; O’Keefe and Ahrens, 1982) by:

Eo = (my V) /6 (20)

yields the value of A for a given scale height (eq. (18)) and atmospheric surface density
(eq. (13)). Thus for a specific value of w and £, we can determine the shock front velocity
w (eq. (17)) and particle velocity up (eq. (16)). Finally, given w and £ (and hence via eq.
(14) the shock front radius R;s), the values of u/uy, for an arbitrary value of z (and hence a
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specific radial distance r = zRg) yields the value of the particle velocity behind the shock
front from the results of Bach et al., (1975). This procedure thus allows specification of
particle velocities of zones in the immediate vicinity of the evolving shock front of the
blast waves. In order to apply this theory at sufficiently high altitudes such that the
gas mean free path is comparable to the zone dimensions, we use values of the velocity
field parameters for which w = 10. Once these velocities exceed the escape velocity of the
accreting planet Ve (eq. (5)), it is assumed that the atmospheric mass in the corresponding
zoné escapes the planet. In our calculations, we utilize a flat-Earth approximation. Ahrens
and O’Keefe (1987) discuss some aspects of this approximation; however more effort needs

to be expended on this question in the future.

In order to compute the mass in the zones within the expanding shock front, the
density profiles as a function z and the density behind the shock were obtained from the

values of p/p_ given by Bach et al, 1975.

The atmospheric density p_ at the shock front, for strong shocks is:

p, = hpa (21)

where

h=(+1)/(A-1) (22)

where pg is given by eq. (15).
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We must also specify zone geometry in order to determine their mass content from
their density and volume. This is done by considering quasi-spherical sectors (the shock
envelope is not a sphere but an ellipsoid; see Fig. 22 of Ahrens and O’Keefe, 1987), where
a twelve-fold radial- and a nine-fold angular spacing was assumed. This results in 108
zones, for each of which we determine gas particle velocity, gas density, zone volume, and
zone mass. We assume that the atmospheric mass in those zones escapes from the planet

only if the particle velocity is greater than the current escape velocity of the planet.

The sum of these masses determines the mass of Mg blown-off atmosphere, M;(t),
while the difference between the amount of gas delivered by the planetesimals and lost,
M, added to whatever atmospheric mass is present from the previous step, yields the
current mass Mg of the proto-atmosphere. The cummulative amount of blown-off gu M,
during the course of accretion determines the total mass of dissipated atmosphere at the

end of the planetary formation process.
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3.0 RESULTS AND DISCUSSION

The major results of our model studies for Earth, Venus, and Mars with model pa-
rameters given in Table II are discussed below. We varied three parameters, planetesimal
radius Tl the mass fraction of the planet, at which atmospheric cratering began, fp ),
and the method by which we determined surface temperatures (see sect. 2.4). The choice
of either a constant surface temperature T; or a variable one, determines whether the

blow-off process is coupled (via the scale height) to the mass of atmospheric gases present.

3.1 Earth

Figure 2 gives the time history of atmospheric evolution for models with constant
planetesimal radius of 90 km. Panel (a) shows the situation for a model with constant
surface temperature and model (b) depicts the evolution, which involves a feedback be-
tween surface temperature and the amount of atmospheric gas present (which determines
the optical thickness OT, equations (10) and (11)) As can be seen, upon initiation of at-
mospheric blow-off process (at f(t) = fp,, = 0.75), the mass of dissipated gas M; reaches
a maximum (at ~ 1.58 x 1015s). This is followed by a series of local maxima and minima
- in M,;, which reflects unsteady behavior resulting when the mass of atmospheric gases
present, Mg and the amount of dissipated gas at the same time, are of approximately
the same magnitude. Once, Mg becomes significantly larger than M, these oscillations
in M, disappear and a steady decrease in M, is calculated. This is caused primarily
by the fact that with f(t) approaching 1, the accretion rate ri(t) and thus the number
of planetesimals ny;(t) (equations (1-3) ) and hence impactors has declined. Since most
of the planet is formed at this time, the planetesimal infall velocities Ve(t) stay almost
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constant (because of nearly constant g(t); equations (4) and (5)) and the slight increase
in planetesimal energies delivered to the atmosphere cannot counterbalance the effect of

decreasing planetesimal numbers (Figure 3).

This decrease in M_(t) is somewhat more pronounced for model (b), resulting in
less efficient impact cratering of atmospheric gases and a smaller value of the cumulative
mass of blown-off gas M,; at the end of accretion. This results from the higher surface
temperatures Tg in this model compared to the constant value of Ts = 800K in model
(a). While for the latter model the scale height A remains at an approximately constant
value of 38 km, A values in model (b) are higher and vary significantly with time (Figure
4). As can be seen in fig. 4, due to the increase in atmospheric mass Mg, which is
reflected in the increase in surface pressure Pg and surface density ps, the optical depth
OT and thus surface temperatures T increase correspondingly (equations (9-13). This
leads to an increase in atmospheric scale height A, which leads to decreased efficiencies of
the atmospheric cratering process, mainly because of lower atmospheric densities pq for a

given height (equation (15)).

Figure 5 summarizes the model study for Earth. The optimum planetesimal radius
(which we define as r;l in the following:) is that planetesimal size, which results in the
maximum value of M,(7), the cumulative mass of impact-dissipated gas by the end of
accretion (see also Table II). This quantity increases very slowly with increasing planetes-
imal radius for Tl < 15 km. At that point, blow-off efficiencies increase dramatically

with increasing r

pl» until the optimum value ';l is reached. From this point on, M,(7)

decreases steadily with increasing Tols but at a slower rate than seen in the rising part of
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the curve.

This result parallels the findings of Ahrens and O’Keefe (1987). They show that for
small impactor energies (or impactor sizes) impact cratering atmosphere loss (blow-off)
efficiencies are very small and become zero below a critical minimum energy. They also
show that upon reaching maximum efficiencies, blow-off rates remain constant with in-
creasing impactor energies. This, in conjunction with the decreasing planetesimal number
as a function of size for a given accretion rate leads to the observed decrease in M for

rpl > r*

ol Thus, while the increase in impactor energy does not influence blow-off rates,

the decrease in planetesimal number leads to a decreasing cumulative efficiency of the

atmospheric cratering processes.

As can be seen (fig. 5), the choice of either constant or variable surface temperatures
affects both, the value of ';l as well as the maximum value of M, as discussed above
(Table II). (Subsequently, we will concentrate on models with variable Ts, because they

are probably more realistic.)

Shock-induced water release in infalling planetesimals starts, when the accreting plan-
. -ets are still small. For Earth and Venus, this point lies at f =~ 0.016 (Tyburczy et al.,
1986). If we assume that timescales for processes, which consume atmospheric water, i.e.
readsorbtion of water by anhydrous minerals (Jakosky and Ahrens, 1979) and iron water
reactions (Lange and Ahrens, 1984) require longer timescales than atmospheric cratering
events (i.e. essentially the timespan between subsequent planetesimal infalls), then atmo-
spheric blow-off could be important in the earlier stages of accretion as well. In order to
explore this situation, we conducted a series of calculations, where we varied f},, between
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0.001 and 0.9 (Table II). For these models, we used the optimum planetesimal radius ';l
(figure 5) for the case of variable surface temperatures. Figure 6 gives the final values of
Mg, and M_; as a function of fj,,. As can be seen, for small values of f},,, i.e. for models in
which dehydration and blow-off is considered for earlier phases of the accretion process, the
amount of atmospheric gases greatly exceeds the cumulative amount of blown-off gas (by
up to a few orders of magnitude). This is due to the fact that while infall energies are suf-
ficient for shock-induced release of structural water, the fraction of this energy partitioned

into the evolving atmosphere does not lead to appropriate blow-off efficiencies.

The larger f},, becomes, the smaller the difference between Mg and M, gets, until
from about fy,, ~ 0.65, the curves are approximately parallel. For f,, — 1.0, both curves
will approach 0. Thus, it can be seen (fig. 5 and fig. 6) that atmospheric cratering is
insufficient to completely remove an evolving proto-atmosphere, at least in the flat-planet

approximation.

3.2 Venus

Several features of our models for Venus are similar to those of the Earth, which are
depicted in figures 2 and 3. Figure 7, gives atmospheric surface properties for Venus.
Because of the higher effective temperature Te (Table I), surface temperatures are higher
than on Earth. This results in a greater atmospheric scale height. Since ';l = 130 km
(fig. 8), the results shown represent the minimum feedback between surface temperature
and mass of atmosphere present, i.e. for less or greater values of Tpls surface temperatures
will be higher because of larger resulting values of Mg. Greater masses of atmospheric
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gases lead to higher surface temperatures and subsequently greater scale heights (equations

9-12). Also, greater scale heights result in decreased blow-off efficiencies.

Cumulative blow-off efficiencies as a function of radius are given in Figure 8. As can
be seen, the optimum planetesimal size ';l for variable surface temperatures lies at ~
130 km as compared to ~ 100 km for Earth. Other properties of both M, and Mg as a
function of Ip) are similar, except for a slightly larger shift to low values for the optimum

planetesimal radius in the case of constant surface temperatures (cf. Table II).

The difference between ';I for Earth and Venus (the Earth is characterized by only
slightly larger mass and mean density compared to Venus) can be explained in terms of two
effects. Because of its smaller mass and smaller mean density, planetesimal infall velocities
are slightly lower for Venus and the amount of energy partitioned into the atm;sphere
significantly lower than on Earth for a given planetesimal size. Secondly, due to higher
equilibrium temperatures, surface temperatures on Venu§ are higher and consequently
the greater atmospheric scale height implies that in order to reach similar blow-off rates,
Venus-planetesimals need to be larger than those accreting on Earth. Hence, both effects
N call for larger planetesimal sizes to obtain comparable blow-off efficiencies on Venus and

probably explain the higher value of r;l on Venus as compared to Earth.

As on Earth, it can be seen that atmospheric cratering does not accelerate to escape
velocities all of the evolving atmospheric gases. Thus, the present class of models pre-
dict that on Venus a more substantial proto-water atmosphere was present by the end of

accretion than for the Earth.

Figure 9 gives the final amounts of atmospheric gas as well as the total amount of
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blow-off atmosphere as a function of fy, (cf. figure 6). As can be seen, similar to the
results obtained for Earth, a different choice of f,, as that used for the models of figure

8, does not result in more efficient atmospheric cratering by infalling plantesimals.
3.3 Mars

Mars, because it is a smaller planet demonstrates a smaller range of T5,A and Pg
than the other terrestrial planets during the atmospheric accretion process. For Mars, we
find r;I = 160 km (fig. 11). Atmospheric mass Mg remains less for Mars than for Earth
and Venus during accretion mainly because of the smaller value of g. This in-turn increases
OT for a given surface pressure Pg. However the resultant surface temperatures on Mars
are similar to those on the larger planets (Figure 10), but the smaller value of g results
in significantly larger values of A and lower values for Pg for Mars as compared to Venus

and Earth.

As for Venus, the lower value of g in conjunction with an enlarged atmospheric scale
height is the reason for an again increased value of r;l for Mars as compared to Earth and
Venus (Figure 11). Both factors require larger planetesimal sizes to obtain blow-off rates

on Mars, comparable to Earth, and Venus.

In contrast to the other planets, the cumulative mass of blown-off gas for the optimum
plantesimal exceeds the amount of atmospheric gas present. However, there is still some
atmosphere present at the end of accretion. Thus, on Mars, planetary cratering appears to
be so effective that a large fraction of the volatiles delivered to the planet during accretion

was lost for planetesimal radii being equal to r;l. Other aspects of Mg and M, versus Tpl
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are similar for the three planets, particularly the shift to a smaller value of r;l for models
with constant surface temperature and a decrease in Mg / M,;. We will now define the

ratio M:l as the value of Mg / M, at Tol = ';l'

Figure 12 gives Mg and M_; as a function of f}, for Tpl = 160 km (starting at f},,
= 0.1, as discussed above). Similar to the results of figure 11, it can be seen that for 0.66
p fbo < 0.85 the value of the functions, M, actually exceeds Mg. Thus, for models,
which treat atmospheric blow-off from planets with large values of fy,, the total rate of

atmospheric loss by cratering exceeds the rate of gas which is delivered to the planet. As

a result, for fy,, — 1, both My and M_; will approach zero.

4.0 CONCLUSIONS

Atmospheric cratering and the associated loss of of atmospheric gases to space has a
significant effect on the evolution of a prima.ry,:impact-induced atmosphere on the terres-
trial planets. Once the mean planetesimal size exceeds a critical lower limit (~15, ~25 km
and ~30 km for Earth, Venus, and Mars, respectively), total blow-off efficiencies become
y significant, rapidly reaching 5 to 10% of the final atmosphere with each accretional increase
to the atmosphere. Accretion of an HoO atmosphere by planetesimals with radii greater
than about 40 km will at the same time suffice to yield a total water loss equal to one

Earth-ocean mass.

Abe and Matsui (1985, 1986) and Matsui and Abe (1986) have shown, that the early
H,O rich atmosphere proposed by Lange and Ahrens (1982a,b) will as a result of thermal
blanketing rapidly form a global magma ocean of unspecified depth on the accreting ter-

22



restrial planets. Moreover the amount of water in the atmosphere will be transferrred to
the molten layer by the solubility of water in the magma. They further show that plausible
models will lead to a final amount of free water approximately equal to one ocean mass.
However some degree of inhomogeneous accretion must have occurred, to both inhibit the
water-iron reactions and to allow the low value Fe/(Fe + MgO) ratio in the Mars, Venus,
and Earth mantle, compared to cosmic abundance, to be achieved (Lange and Ahrens,

1984, Ringwood, 1977).

Our results imply that the atmospheric cratering must be considered in future at-
mospheric accretion models as large amounts of atmospheric water vapor on the Earth
and the other planets could have been easily dissipated by blow-off processes. As a conse-
quence, the Abe and Matsui, (1985, 1986); Matsui and Abe (1986) result, in which they
obtained the present HoO budget for the Earth with their accretion scenarios appears to
be fortuitious. However we believe this application of the early ideas of Ingersoll (1969)

and Rasool and De Bergh (1970) to atmospheric evolution has been valuable.

Blow-off efficiencies depend critically on the radius of the infalling objects. Thus the
- ‘question arises, what are realistic planetesimal radii for the latter part of the accretion
of the terrestrial planets? There is little direct evidence, which could shed light on this
question, but theoretical considerations suggest that larger planetesimal sizes (rpl ~ 102 to
103 km) dominated the size distribution in the last accretional stages (Wetherhill, 1985).
Thus, we conclude that the sizes of our optimum planetesimal radii, r;l s fall within this
range. The effects of even larger impactors on proto-atmospheres also need to be studied
via other methods. Moreover, instead of a constant fraction of energy coupling into the
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atmosphere the plan size distribution, covering a large range of radii and impact velocity

requires study.

Figure 13 summarizes the regimes of the terrestrial planets and the present results.
Shown are the final mass of the planet M, the effective equilibrium temperature Te¢, the
optimum planetesimal radius r;l and the ratio Mg / M evaluated at rj) = ';l or, M:l as
a function of mean distance from the sun for Venus, Earth, and Mars. While T¢ mainly
influences the surface temperature Tg and thus the scale height A, the planetary mass
determines primarily the infall velocity of the planetesimals. The latter will strongly affect
the amount of energy available for partitioning into the atmosphere and thus the efficiency
of atmospheric blow off for a given planetesimal size. Thus, one would expect the maximum

blow-off efficiency, M:I’ to be reached at the optimum planetesimal radii, ';l’ inversely

proportional to planetary mass, M. This is seen in figure 13.

The amount of gas ejected from a planetary atmosphere upon impact also depends on
the density structure of the atmosphere and thus on A. With increasing A, the amount of
gas blow-ff for a given impact should decrease. Thus, one would expect to see an inverse
,' dependence of M, on A. This is transposed into an approximate proportionality between
, Te (increasing Te lead to increasing A) and M:l (increasing A result in decreasing M,

and in increasing M:l)’ as seen in figure 13.

Finally, our results demonstrate that atmospheric cratering gas loss, regardless of
whatever choice of boundary conditions is taken, will not suffice to completely dissipate a
primary atmosphere of a gas with an intermediate molecular weight (18) such as water on
Earth and Venus. Mars, however, may have suffered an almost complete loss of a primary
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atmosphere because of atmospheric cratering losses. Thus, we conclude that a primary,
impact-induced atmosphere remains a realistic option for Earth and Venus and is less likely

for Mars.
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Table I:

Physical Parameters for Terrestrial Planets

Planet M, (kg)

R: m b, kg m_s CA, m2 fw

T., K

Venus 4.87 x 10%4
Earth 5.97 x 1024
Mars 6.42 x 1023

6.05 x 10° 5.27 x 10° 3.05 x 1022 0.01
6.38 x 10 5.52 x 10° 5.98 x 1022 0.01
3.40 x 10° 3.95 x 10° 1.12 x 1023 0.01

320
253

210

M = Mass; R = radius; p = mean (compressed) density;

Px = Kepleian period

Ca = n(aZ — a2), ao,a; = radii of outer and inner feeding zones

upon accretion; f,, = mass fraction of water in planetesimals;

T. = eflective temperature of planet :



Table II: = Model Parameters and Results

Planet Model No. ry,  fio T,, M, My M, [ My
km K Kg Kg Earth- = M},
Ocean
Masses

VE100- 10- 0.75 variable! 1.2 x 1022 4.5 x 102 0.3 26.
VE109 200 7.9 x 102! 4.3 x 102! 3.2 1.8
VE200- 70- 0.75 800 7.2 x 102! 5.0 x 102! 3.7 14
VE203 130 7.8 x 102! 4.4 x 102! 3.3 1.8
VE300- 130 0.0 variable!) 4.8 x 1022 3.9x 10 0.03 1231
VE305 0.9 3.4x10% 1.7x10% 1.2 2.0
EA100- 10- 0.75 variable!) 1.5x 10?2 1.9 x 102° 0.1 78.9
EA115 600 1.3 x 1022 2.2 x 102! 1.6 5.9
EA200- 1 0.75 800 1.5 x 1022 1.9 x 1020 0.1 78.9
EA211 100 8.7 x 102! 6.1 x 102! 4.5 14
EA300 90 0.0 variable)) 59x10%2 3.4x10° 003 1735
EA303 0.9 3.5 x 1021 2.1 x 102! 1.5 1.7
MA180 10 0.75 variable!) 1.8 x 102! 9.4 x 10'°  0.07 19.1
MA118 800 1.2 x 102! 0.4 x 10%° 0.3 3.0
MA 200 80 0.75 800 8.4 x 102° 8.1 x 1020 0.6 1.0
MA207 160 8.3 x 102° 8.2 x 1020 0.6 1.0
MA300 160 0.1 variable! 5.3 x 102! 4.8 x 102° 0.4 11.0
MA305 0.9 3.4 x 102° 3.0 x 1020 0.2 1.1

1) T, computed from equation (9).

(rp1 = planetesimal radius; fi, = mass fraction of growing planet at which atmospheric
cratering begins, T, = surface temperature; M, = mass of atmosphere;
7 = accretion time; M, = incremental mass of blown-off atmosphere)



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

- Figure 9.

FIGURE CAPTIONS

Assumed mass fraction f(t) of accreted planet versus time (years) for Venus,
Earth, and Mars from Safronov accretion model.

Mass of atmospheric (Mg), mass of blown-off atmosphere (M) and cumulative
mass of dissipated atmosphere (M) as a function of time during the final part
of Earth’s accretion. Planetesimal radius, ry, used as 90 km. (a) constant

surface temperature, 800 K. (b) radiative model.

Number of planetesimals, nols planetesimal energy delivered to the atmosphere
Ej, versus time for models with radii rp; = 10 km (a) 100 km (b).

Earth surface temperature, Ts, atmospheric surface density ps and scale height,
A, versus time, planetesimal radius, Tols 100 km.

Mass of atmospheric gases, Mg, and cumulative mass of impact-ejected gas M,
upon the accretion of the Earth as a function of planetesimal radii, Tol- Plotted

are results for constant surface temperature Ts (dashed curves) and radiative
models (solid curves); fp, = 0.75.

Mass of atmosphere Mg and final cumulative mass of blown-off gases M, as a
function of the mass fraction fj, at which atmospheric cratering processes first
acts. Planetesimal radius, Tpl = 100 km.

Same as Figure 4, except for Venus, ol = 130 km.

Same as Figure 5, except for Venus.

Same as Figure 6, except for Venus and ol = 130 km.

Figure 10. Same as Figure 4, except for Mars, ol = 160 km.

Figure 11. Same as Figure 5, except for Mars.

Figure 12. Same as Figure 6, except for Mars and ol = 160 km.

Figure 13. Planetary mass M, equilibrium, radiation temperature T, optimum planetesimal

radius r;l and the ratio between Mg and M, forr,) = r;l, M}, as a function of
mean distance from the sun, for Venus, Earth, and Mars.
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